Thus, GFR␣3 is likely a receptor component specific for trophic factor artemin. The role of GFR␣3 in nervous artemin. However, the ligand specificities of the GFR␣ system development was examined by generating mice proteins appear complex, differing in the absence and in which the Gfr␣3 gene was disrupted. The Gfr␣3 lations.
appears largely restricted to the PNS (to a greater extent of Gfr␣3 Ϫ/Ϫ mice at the expected frequency of ‫%52ف‬ (85/ 347) ( Figure 1C ). The homozygous mutants appeared to than is that of Gfr␣1 or Gfr␣2), being substantial only in developing peripheral nerves and ganglia (Baloh et al., grow normally and were fertile. In wild-type mice, Gfr␣3 shows marked expression in ganglia of the PNS, includ1998a; Naveilhan et al., 1998; Widenfalk et al., 1998; Worby et al., 1998). We have now examined the role of ing the cranial ganglia, dorsal root ganglia (DRG), and sympathetic ganglia ( Figure 1D ) (Jing et al., 1997; Baloh GFR␣3 in development of the PNS by generating Gfr␣3 knockout mice. The characteristics of these mice, toet al., 1998a). In situ hybridization confirmed the absence of Gfr␣3 mRNA in these ganglia of homozygous mutant gether with the expression patterns of Gfr␣3 and artemin in wild-type animals, suggest that GFR␣3 is required embryos ( Figure 1E ). for the migration of superior cervical ganglion (SCG) precursors and for the survival of mature SCG neurons Development of the SCG Is Impaired in Gfr␣3 Ϫ/Ϫ Mice The external appearance of the Gfr␣3 Ϫ/Ϫ mice seemed by acting as a coreceptor for artemin. normal with the exception that they exhibited ptosis (Figures 2A and 2B ). Given that ptosis can result from Results a defect in sympathetic ganglia, the SCG in particular, we examined the SCG of adult mutant mice. In wildGeneration of GFR␣3-Deficient Mice We have previously isolated several cDNA clones corretype mice, the SCG is located near the junction of the external and internal carotid arteries (Figures 2C and sponding to genes whose expression is increased in P19 mouse embryonic carcinoma cells in association 2E). In the Gfr␣3 Ϫ/Ϫ mice, however, the SCG was either missing or markedly reduced in size ( Figures 2D and 2F) . with retinoic acid-induced differentiation (Fujii et al., 1997) . One of these clones was shown to be derived from Transverse sections of the aberrant SCG from Gfr␣3 Ϫ/Ϫ mice revealed the presence of few neuronal cells, some Gfr␣3, which we then mapped to mouse chromosome 18 (data not shown). The Gfr␣3 gene is composed of eight of which appeared to be undergoing degeneration (Figure 2F ). exons and seven introns. To study the role of GFR␣3 in PNS development, we generated mice in which Gfr␣3 SCG neurons innervate various sites, including the submandibular gland and the superior tarsus muscle. was ablated by embryonic stem (ES) cell-mediated targeting. A targeting vector was designed to remove exParasympathetic ganglia also innervate these target sites. We therefore examined the submandibular gland ons 4 to 8 of Gfr␣3 by homologous recombination (Figure 1A) . Eight mutant ES cell lines were obtained (Figure and the superior tarsus muscle with antibodies to tyrosine hydroxylase (TH) and to choline acetyltransferase 1B), from two of which Gfr␣3 ϩ/Ϫ heterozygotes were generated. The heterozygotes appeared normal and (ChAT); the former antibody detects sympathetic fibers, whereas the latter detects parasympathetic fibers. were fertile, and their intercrossing resulted in the birth 
TH-positive fibers were apparent in the submandibular
In fact, it is Gfr␣2, not Gfr␣3, that is expressed in the parasympathetic submandibular ganglion (Figures 2O gland and the superior tarsus muscle of adult wild-type mice ( Figures 2G and 2K) . However, TH-positive fibers and 2P). Together, these observations indicate that Gfr␣3 is required for normal development of the SCG. were lost in the corresponding sites of Gfr␣3 Ϫ/Ϫ mice ( Figure 2H and 2L) , indicating the lack of the innervation by SCG. In contrast, ChAT-positive fibers were detected GFR␣3 Is Required for the Survival of SCG Neurons after Birth in the submandibular gland and the superior tarsus muscle of both wild-type ( Figures 2I and 2M ) and Gfr␣3
Ϫ/Ϫ
We next examined the SCG of Gfr␣3 Ϫ/Ϫ mice at various developmental stages. In wild-type animals, the number ( Figures 2J and 2N) mice. Consistently, the parasympathetic submandibular ganglia that innervate the subof SCG cells increases until birth, reaching a maximum at postnatal day 1 (P1), and is then maintained through mandibular gland appeared normal in Gfr␣3 Ϫ/Ϫ mice (Figures 2Q and 2R) . Thus, the SCG is defective but the adulthood ( Figure 3A) . In Gfr␣3 Ϫ/Ϫ mice, although the SCG cell number is normal at embryonic day (E) 11.5 parasympathetic ganglia are preserved in Gfr␣3 Ϫ/Ϫ mice. and it continues to increase between E12.5 and P1, it formed in the mutant mice during embryonic development appear to undergo cell death after birth. is only 60%-80% of the wild-type value during this latter period ( Figure 3A ). The number of SCG neurons in Whereas SCG neurons in wild-type mice at P1 exhibit a large cell body and nucleus as well as several nucleoli Gfr␣3 Ϫ/Ϫ mice markedly decreased during postnatal development, being 50% and 0%-5% of wild-type values ( Figures 3B and 3D ), Nissl staining revealed that many of the SCG neurons in Gfr␣3 Ϫ/Ϫ mice at this age exhibited at P7 and P60, respectively. Therefore, SCG neurons Ϫ/Ϫ mice. At P5, apoptotic abundant at E12.5, was transiently downregulated at E14.5, and was then apparent again at E16.5, E18.5, and cell death was apparent in the SCG from mutant mice ( Figure 3M) , whereas very few apoptotic cell nuclei were P5 ( Figures 4D, 4H , 4L, 4P, and 4T). Thus, all three Gfr␣ genes and Ret are expressed in both developing and seen in the controls ( Figure 3L) . Therefore, the progressive loss of the SCG neurons can be attributed, at least mature SCG neurons. in part, to an increase in apoptosis.
Impaired Projection of SCG Neurons before Progressive Cell Death Gfr␣3 Is Expressed in Developing and Mature SCG Given the abnormal development of the SCG in Gfr␣3 Ϫ/Ϫ It was unexpected that only 30% of SCG neurons express Gfr␣3 at postnatal stages ( Figure 4Q) , and yet mice, we investigated whether Gfr␣3 is expressed in the developing and mature SCG of wild-type mice (Figure inactivation of Gfr␣3 leads to almost complete loss of SCG ( Figure 3A) . It is thus unlikely that GFR␣3-mediated 4). We also examined expression of Gfr␣1, Gfr␣2, and Ret. Gfr␣3 transcripts were detected in the SCG during signaling is simply serving as a survival factor for the Gfr␣3-expressing subpopulation. An alternative possiembryonic development between E12.5 and E18.5, as well as in the mature SCG at P5. Whereas most SCG bility is that SCG neurons undergo cell death due to their abnormal projection to target organs. We tested cells expressed Gfr␣3 at E12.5 ( Figure 4A ), expression We next examined the effect of GFR␣3 deficiency on the development of the SCG in more detail by determin-TH-positive fibers were present in both target organs of wild-type mice (Figures 3N and 3P) . In contrast, ing the number and location of SCG precursors in Gfr␣3 Ϫ/Ϫ embryos (Figures 5 and 6 ). The sympathetic TH-positive fibers were absent in the corresponding sites of Gfr␣3 Ϫ/Ϫ mice ( Figures 3O and 3Q) . Therefore, ganglia are derived from the trunk and vagal neural crest cells. Normally, the precursor cells of the sympathetic projection of SCG neurons is already impaired before they undergo cell death.
ganglia migrate ventrally through the anterior region of the somite and reach the dorsal aorta by E10.5. The ( Figures 3A) . At E12.5, however, the location of the prospective SCG was shifted caudally in the mutant emprecursors become aligned in a uniform column in the cervical region at E11.5, and, at E12.5, they begin to bryos; the SCG neurons were located between C5 and C7 ( Figures 5B and 6E ). In addition, the number of cells proliferate. Some neurons then enter the postmitotic stage and begin to extend axons. At the same time, in the SCG at this time was only 70% of that apparent for wild-type embryos ( Figure 3A) . In contrast, the future the column-like structure of the immature sympathetic ganglia begins to separate into individual ganglia. SCG stellate ganglion was positioned normally ( Figures 5B  and 6E ), although the number of cells in this ganglion precursors are located between the levels of cervical vertebrae C1 and C7 at this stage ( Figures 5B and 6B) . By was increased by 40% relative to the wild-type value. The caudal shift of the SCG in mutant embryos was E14.5, the SCG and stellate ganglion are clearly separated, with the SCG now located in its final position between C1 more evident at E14.5, when SCG neurons were located mostly between C5 and C7 ( Figures 5C, 5G , and 6F). and C4 (Figures 5C, 5D, and 6C ). This morphogenetic sequence has been attributed to rostral migration of symThe number of SCG cells was further reduced to 60% of the wild-type value at this stage, whereas the number pathetic cells from the lower cervical levels (Rubin, 1985) .
In Gfr␣3 Ϫ/Ϫ embryos, the SCG precursors were posiof stellate ganglion cells had returned to normal ( Figure  5C ). These results indicated that SCG precursors are tioned correctly at E11.5 ( Figure 5A ), suggesting that their ventral migration was unimpaired. The number of unable to complete the last step of migration to their final position in Gfr␣3 Ϫ/Ϫ embryos. neurons in the developing SCG was also normal at E11.5
Given that the defect in the migration of SCG precur-SCG development and maintenance: (1) the rostral migration of SCG precursors between E11.5 and E14.5, sors in Gfr␣3 Ϫ/Ϫ embryos was apparent between E11.5 and E12.5, we examined in more detail the expression and (2) the survival of SCG neurons after birth. During development of the sympathetic ganglia, symof Gfr␣3, as well as that of Ret and artemin, in the developing SCG of wild-type embryos at these times pathetic precursor cells first appear along the aorta in the thoracic region at E10.5 (Rubin, 1985). One day later (Figure 6 ). Gfr␣3 was expressed in the SCG precursors at E11.5 and E12.5 (Figures 6G and 6H) . As mentioned (E11.5), these cells form a uniform column at all cervical levels. Thus, cells of the future SCG reach their general above, whereas at E11.5 the precursor cells of the sympathetic ganglia form a uniform column, at E12.5 two destination later than do those of the future thoracic ganglia. Between E11.5 and E14.5, SCG precursor cells groups of the cells (one for the SCG and the other for the stellate ganglion) are clearly separated. artemin, which accumulate between C1 and C4 levels and form the primitive SCG. This accumulation of SCG precursor cells encodes a putative ligand for GFR␣3, was not expressed at E11.5 ( Figure 6I ), but it was expressed within the SCG has been attributed to their rostral migration from the lower cervical levels, which eventually become devoid and in the region surrounding the SCG precursors at E12.5 (Figures 6J and 6K) . At E14.5, artemin was found of such cells. The mechanism of this rostral migration is not known, although active movement, differential to be expressed in the SCG (data not shown). Ret was expressed in the sympathetic ganglia, including the cell proliferation, and passive movement due to axonal growth may contribute. The impaired rostral migration SCG, at both E11.5 ( Figure 6A ) and E12.5 ( Figure 4D ).
Ret expression appeared normal in Gfr␣3
Ϫ/Ϫ embryos at of SCG precursors in Gfr␣3 Ϫ/Ϫ mice and the expression of artemin in the region of these cells at E12.5 in wild-E11.5 ( Figure 6D ). These expression patterns of Gfr␣3, Ret, and artemin are consistent with the notion that type mice suggest that artemin-GFR␣3 signaling might induce proliferation of SCG precursors, or that artemin GFR␣3-mediated signaling is required for the final positioning (rostral migration) of SCG precursors between may act as a chemotropic factor for the migration of SCG precursors. A similar defect in the rostral migration E11.5 and E14.5.
of SCG precursors has not been described for any of the mutant mice lacking various signaling pathway comOther PNS Ganglia Are Not Affected ponents associated with the GDNF family of proteins. ., 1993) . The presence The total number of neurons in the DRG also appeared of both GFR␣3 and Ret in neurons is thus consistent normal in Gfr␣3 Ϫ/Ϫ mice at all developmental stages exwith the notion that GFR␣3-mediated signaling exerts amined ( Figure 7Q ). The numbers of DRG neurons posia trophic action in mature neurons. However, ‫%03ف‬ of tive for calcitonin gene-related protein (CGRP), neurofil-SCG neurons express Gfr␣3 at postnatal stages, and aments, or Ret also did not differ between wild-type and yet the lack of GFR␣3 leads to loss of Ͼ95% of SCG. mutant animals ( Figures 7A-7F and 7Q) , suggesting the Therefore, it is unlikely that artemin is simply acting as absence of abnormalities in the various subpopulaa survival factor for GFR␣3-expressing cells. One can tions of DRG neurons in Gfr␣3 Ϫ/Ϫ mice. Furthermore, the envisage two alternative possibilities. The first is that trigeminal ganglion in GFR␣3-deficient mice appeared GFR␣3-expressing cells may produce survival factors normal with regard to cell number and location (Figures for other neurons in SCG. The second is that the mis-7K-7Q). In the developing trigeminal ganglion of both placed SCG that have abnormal projection patterns may wild-type and Gfr␣3 Ϫ/Ϫ mice, Ret was widely expressed, die for the lack of target-derived factors. Although we whereas Gfr␣1 and Gfr␣2 were expressed in restricted cannot rigorously exclude the former possibility, our populations of cells.
findings that the innervation by SCG is already abnormal at P1 (before massive cell death takes place) strongly Discussion favor the latter possibility. The phenotype of Gfr␣3 Ϫ/Ϫ mice differs markedly from those of mice lacking other GFR␣ proteins, GDNF, or Role of GFR␣3 in SCG Migration and Survival The phenotype of Gfr␣3 knockout mice suggests that neurturin, consistent with the idea that GFR␣3 does not contribute to signaling by GDNF or neurturin. In vitro GFR␣3-mediated signaling is required for two steps in 
